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Multiple-Input Multiple-Output Coordinated Multi-Point

Communications based on Limited Feedback

04008019 LIANG Le
Advisor XU Wei

Abstract

The multiple-input multiple-output (MIMO) technique is able to improve the channel ca-
pacity as well as channel reliability by exploiting multiplexing gains and diversity gains inher-
ent of multi-antenna systems. Meanwhile, in traditional cellular systems, cell-edge users suffer
substantial interference from adjacent cell base stations (BS) for global frequency reuse and
densely populated BSs. This interference undermines communication quality of cell-edge users
and in the end, decreases system throughput. In suburban areas, on the other hand, the BSs
are deployed far from each other and thus fail to deliver high quality signals to remote users
in most cases due to severe large-scale path loss. To address these issues, coordinated multi-
point communication based on MIMO techniques have attracted much recent attention. This
paper focuses on three typical coordination scenarios, i.e., coordinated multi-cell transmission,
multi-antenna relay assistance, and device-to-device (D2D) communications underlaying cellu-
lar networks. We study the capacity performance of these three communication systems under
practical considerations such as quantization error and feedback delay and propose effective
strategies to improve the system achievable rates.

In the second chapter, the paper studies the capacity performance of coordinated multi-
point downlink transmissions based on limited feedback. We consider both path loss effects
and channel imperfections including feedback delay and quantization error. Closed-form ex-
pressions are derived to characterize ergodic achievable rates for joint processing (JP) and co-
ordinated beamforming (CBF) techniques, respectively. According to the derived expressions,
an adaptive transmission strategy to switch between JP and CBF is proposed to maximize cell
throughput. It is shown in the paper that the increase of feedback bits B can substantially im-
prove the performance of the CBF mode and the feedback delay deteriorates the rate of the CBF
mode more severely than the JP mode. This paper also points out that the user location with

respect to its surrounding BSs can dramatically affect the mode switching results. The CBF
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mode is preferred when each user is closer to its home BS than those in neighboring cells.

The third chapter studies the multi-antenna relay downlink channel with finite-rate feed-
back from both two-hop links. Data streams from the base station (BS) are transmitted to a
relay station (RS), and then forwarded to multi-antenna users by performing block diagonaliza-
tion (BD) precoding. We derive an upper bound for the system throughput loss due to channel
quantization, and then propose a strategy of controlling feedback quality to maintain a bounded
rate loss relative to the perfect channel knowledge case. We observe that the feedback load B,
from the RS to the BS needs to scale in proportion to both the transmit power at the BS and RS
while the feedback size B, from each user to the RS only needs to scale linearly with the trans-
mit power at the RS. Another finding is that the scaling factor of BD indicates less feedback
bits By are required than zero-forcing beamforming to achieve the same multiplexing gain.

In the fourth chapter, the paper considers device-to-device (D2D) communications under-
laying cellular networks with a multi-antenna base station (BS). The BS serves its own cellular
users while letting another remote terminal directly transmit signals to its nearby receiver via
a D2D link. Two transmit strategies including beamforming (BF) and interference cancella-
tion (IC) are considered at the BS for performance evaluation in terms of achievable channel
capacity. The capacity performance of two different cases with perfect and quantized channel
knowledge at the transmitter is derived with closed-form expressions. Based on these results, an
adaptive transmission scheme to switch between BF and IC is proposed. Numerical results ver-
ify the accuracy of the derived expressions and draw the operating regions of BF/IC strategies

at last.

Keywords: multiple-input multiple-output (MIMO), coordinated multi-point (CoMP) trans-

mission, relay, device-to-device (D2D) communications, limited feedback
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HZ#xw, AL, sMZAHAEM.. 21315 H Sk 18145 H -
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’ Nt i 1
H A BERR R BB KA, 08 &84S EE B I — 4 (ZE 3 Bhi ok
i, Bla,y) = T UFORAEEL Pl (2) = [ tw—le—tdto

E[Z] = E[sin®0] = 27 - p(2°

) (2.4)

222 ERMEIEFREAY

AR A v - B AR B R B A AR O 5 8 I I ROV AT . AR —
P, BBEIES B EN 5 R, R S TE SEBLZ 18] 2R 508

h[n] = phjn — 1] + e (2.5)

Hroh[n)Ah[n — 1)5 MR R Z ) Zn - )AEIE, eRnEEIRE, H&MNT
i fBe; ~ CN(0,e2)H 5 Eh[n — 18K, R wh W B A, RAIE2l)p =
Jo@2m faT), HorrJo( ) RaREE —REW WEIRRE, fBZRZEPNR, TERRTSH
M, FHAL=1-p%

223 EAEIER BN R

AF(2.3) F(2.5), FRATRIEAT PR LU S 5 1) SE Tt 20 BRAR 25 23 19 B IR (S 18 (5
giaﬂiﬁﬁﬂﬁé} R, FER %0 — 1), H P EET MR — 1) KGO AR
K Nh[n — 1], I IbE B RS IS, 25— NS BRI E T, 53k 78 I %) [n] 4%
i ) Bk AL AS T AE Bhln — 1)), B3 T%E BB BEwn), Bk, EiEE
Sh[n] 7] LARIE A :

hin] =p|hfn —1]| hln — 1] + e
—=p|/h[n \( 1-7 [n—u+yrﬂn—ﬂ>+e (2.6)

Hor, ||hin — 1)) 2R [n] M 25 GRS BB, s — 17EEBELR Rhn — 110%F %0
ST [E] AT



VN PN e AT

2.3 JEBMECSIT T RS Hfe 0t

AT 53 XTIPHMICBEUME AL, T 5 G ATk A% ok Z2 1 A e . AETPIME
B A, J i g >R FH AR I B R SO 1 P g i 7 2, DARE I FH P BRI 5 e s
TECBFUMERL A, Feubi R HIBZ R SIE (ZFBF, Zero-Forcing Beamforming) 14 i
FiAR, DA JE b 55 AH A1/ X R T4

2.3.1 JPHMERLEUR R G RE o B

HTIPPMER U, @z, BN 2A — A P 8cieE, WmeT bLE
B SZH P R E R B (SNR, Signal-to-Noise Ratio) o« 7E K 4R 1E 7 9 %I Tl 9
RIS, B R A SRR B R 1A T8 45 B n — 1)/ A SE sk sm it g i i &, b
CL B P BB E R B

M

aP | o 2 pBP He g 2

7 =2 bl by - 1]+ 12; b ] [ — 1) @.7)

WA EERA (2.6) AN B, ATLAS 2.
2P P “ 2
:O‘L [ — 1]]%cos26, + O‘ﬁ ety [n — 1]‘

2p M p M X 5

L8 fw 12; I, [n — 1]||*cos®d, + % ; eh,[n — 1]\ (2.8)

Hrfcos? 0, %3 2.4) (1 - Z,),
) “ 2
i Fe, Ml n — 1A A7, [hyfn— 1) = 1. He, ~ CN(0,221), T LL{#

e/, [ — 1| 42— AN LA J 4 000 95 B0 A B BLAE B . 534k LA SCRRTI 610 25
i, |huln — 1| Pcos’d, ST — M Rox3y, M TIIBEHE R, Hdo i FUusE:
o =E[cos’] =1—2F. (2" Ne (2.9)
’ Nt - 1 '

Hody, Fm— Ml 2 | B N2N, B-RT7 0 A BN &
NFEERI, FATH e, o, cs AL RFR A (2.8) A ZR %, R

_aokP _a_P 9
C1 ——M 1% Co = Vi Ee
P P
cs :%,ﬂ ca :%aﬁ. (2.10)
BEI,  (2.8) H BIFEUSAE M Lt S O T DU AN 2 = T 70 AR R BE LA B 1 AR, B
v =C1Xan, T C2X5 + C3X§Nt(M—1) + C4X§(M—1)' (2.11)



BoE Z/NXPMEEE RGERE T R E N AL

IR PSR T oy 2 1R YA 20 0 A (K RE AL AR B (0 ISR AL, (B2 e A 30 E
FEVT Sy R 8 158 o AP AE R (LTS PR AR PRI o 3K BLATTSR I SR [ 91 A 4 1K) 5 %
BEATACHEE, H51 4 on] DAt i OB RO RN LA e, |

1+~ iy (2.12)

K28 il bR A PSR — R M Gort S AR 1) S A v R AR

N

’gbl: 1+01Nt—|—62—|—63(M— 1)Nt—|—C4(M— 1) (213)

2% = N,&? +c2+ (M — 1)N,c&2 + (M —1)c3. (2.14)

BT (2.13) 1 (2.14), FATAT LATHEAS 2 A1 P AR -
N2 +c3+ (M —1)Nyi3 + (M — 1)c?

v= 2(1+ 1N, + ¢3 + c3(M — 1)N, + ca(M — 1)) 2.15)
] — 2<1+C1Nt+C2+C3(M—1)Nt+C4(M—1))2 (2 16)
N N2+ + (M —1)N2 + (M — 1) '
Rltt, 5T (2.12), JPPMERET R G0 ATk A& fnd 28 1) P Ul 9«
Ryp =E [log,y(1 +7)]
~[E[log, 1 + 10g2X12]
loe. (0] — 1 b1 2 2.17
=log, (Y1) — logy(e) 7732 15 (2.17)
Hrb, Fa— AT SCHR13]:
1 1 2 _
E[lnxl?]zlnl—7+ﬁ+ﬁ+0(l %). (2.18)

2.32 CBFWMEREA B RGEEREDHT
FE HTCBEIMER S N R A A AR AR 2 i, JATE B4 AR 2 5] 2.

BIEL 1 £ = IS IBEL A w0 ~ X3y ~ X Al ~ X3r A SGH K
R, i, 2y m) = [logy (14 ) | JEoh o, i 2 IR, T LUAR 5.

14+pry1+p2y2
1 —i—1
ehT (0, _) (ﬁ - 1)
M Hj
i+1

e”%' " I —i+k—2
-y =T (—k 11, —) (— - 1) (2.19)
o M Hj Hj

HAT (0, 2) 2 [ ettotde, ADRARD 41402 (2.28) 1 (2.29).

R(/l’v M1, H2, m)

m—1 2

_ é Z ZMi+1i!A§j)

i=0 j=1




VN PN e AT

WEW: DLRRSR 2.6.1.

FECBFUMERLIN T, 2 5 WA B /0N X5 3l 0 P i 3R A5 19 S I S 458 TR AT 5 1B 45 B
A 18 2 AE I BT PG A 1A R PRIV X R T HEN, (H il T AR T
A58 15 Bl I S I S R AR, 1 I AR AT 2 HER I EEE R, B2 X
8] (A LT IR PR A A, XA TR ZEOP Al P BT U5 5 IS TR LB (SINR,
Signal-to-Interference-plus-Noise Ratio) , FTik#E AU

H 2
P/ \%,u[n}wu[nl\ | (2.20)

1+ 8(P/M) > |bf, [n]w,[n]]”

v=1,v#u

BoraEiERA (2.6) RN L, FATATCAAR2:

a(P/M) | [ nwu[nH2
- _ .2

1+ B(P/M) Z }thuvn—lﬂw/uvsuvn—lwv—i—e{szvf

=10
ﬁ?ﬁ~ﬁ%%WMAﬁ,ﬁmﬂiﬁ¢%m%ﬁmzﬁ$mwzmﬁA%%ﬁ
AFE B, B Fw,n) R, — 1H0E %0 AT, EfECN 5 25 ) _E 4%
RS, 3 E IS Fhyu[n — 1By 0], FE w, o] 20— (L &, RT3

LA B, [n]w[n]|* ~ 3.
T PRI, T 3 R P AE IR BRI £ T A B[ — 1) T30 v U 3
IO B, AT LA BN [0 — 1w,ln] = 0. % T iR B AE R 31 2 1 T 1

5| w,[n]] ", m%euvzmj?wv[ O Hllwon]®> = 1, ATHHZT R — A1
AR S AL AD B o SE T B IR AR v, FRATTTT AR B A B A
fwwwm—luaA%m——]A)ﬁuﬁUﬁ A gk = 27 %7 G HRENL A

=0, R B RN
fx(x) = %e (2.22)
st AR, JATZEE T RIS He,  Ms, [n — A X, X2 H T EEFIEL T
AR/, JTF kot wT PO P BB E 5 E Ty, BB T
0z
Tu = 1+ 01y1 + d2y2 (2.23)
EAEF‘BJ@HL@E%Z ~ X 1~ Xy Y2~ Xy HO = a(P/M), & =
Bp*k(P/M), 6y = Be2(P/M).
X H, l_JiHSi)L (2.23) H {5 Tl EL B 40 A FIAE 51 HE 1w sE R BEMLAS & 1) 5 AT ok

. BATAT LA A BICBFUMERR T 2 G A W] IA AL S 50 -

Ropr =Y E [logy (1 +7,)]

u=1

=M - R(5,01, 00, M — 1) (2.24)
HAFRG, -, )T (2.19).
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233 FE T

15

[ [ I
—-—¥-= PYMEBL N BUE 45 1
O+~ CBFIH I B M ff 2
—F— JP I A 0 1R
—O— CBF M A X 3 b 25

-
o

[¢;]

R GLAIEAERE AR (bps/Hz)

|
|
|
1
|
0 5 10 15 20 25 30 35 40
{51 L (dB)

Kl 2.2 JPHICBFIMER N NI RS TIAERIR S, RESHN: B =10, f,T;p = 0.06,
fiTepr = 0.03, Dg = 1.2Dy, D, = Dy, =2, M = N, = 3.

WK 2.2 frs, JPHICBFIMEBI T RG I S rE M R 1 A 2.17) F1 2.24) 5
SEBRAG B BIOEUE MR A, ML T AR SCHES et . EEEEN 2
Hid R, FRAVECEIPUMERE N &7 1 R BHE R 2 CBFRYMER SR i fE, X2l T7E
SR RS AR T, IPYMERI T R E R EEEE B, 274 lLCBFRERE R
IRGLERTUT, W 2.2 AT LRI, TPEMERE A CBFHME AR 3 1 B il 28 777
PIANAE B, M E M BB B i, JPYMERLE TCBREL, (H2 U EmttibT—
AR, CBRMER AR RE 2 T TP,

2.4 HIENPMEZ BT Rt

ME 2.2 TATCE USRI, IPHICBFIMER A KL AR T R HEREEL, R
A G AL T P KN, CBFUMERE A 2538 2 HLIPR AE A AL da P Re . PRI &
G0 SAZARE 1 H A M L1 D& i PR B MR, DASEER SR 2 i s K fb . 72 2.3 49
H, RATCEX Z/NXMEIEE RAFEFERG EEMRZE . RIGTHER IE R LK R
TRFESFE AR FAR R I, JPAICBF PR IMEBL N e tE e i 7 g8 o dr, H4EH T
R, T T BRA PR R HES A PR A Bt B & B W 2 A T 56

s = arg max R (2.25)
seS
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HHS = {JP,CBF}, JPFICBFUMER T, RGuEHIEFR, /3 HKIET A (2.17) A
(2.24).

JPAEE
| CBFELR

JPAEE

CBFAH 2\,

5 1 1 1 1 1 1 1 1
0.01 002 003 004 005 006 007 008 009 0.1
VA — 4k 2 2 A o f,T

K 2.3 JPRICBFHMER AT TR, R45%: Dy =1.2Dy, D, = Dy,n =12, M = N, = 3.

H T IPFICBFIMERE A T R gt ik 2 P X D &2 AE R (2.17) 1 (2.24) HEE H,
DR AT DL B B i B 1 VA2 (2.25) [f# . B 2.3 45 T IPFICBFEME R AR X T
A 2 AT £, T AP 345 e L SNR BRI ATk, MMIZ B AT LUE HE 24 R G 4
BUNELE AT R A KSEY, CBF BIME AR KRR A% 7E — 2 15 W bk 3 [l P04 21 EL TP =R £
vERE . (H02 M RGIER IEH K, JPUMER UM MERE G S8, BRI RAN P16
MELETESG. AR, R LA 2.3 AR BL, CBFUMERL I B8 A4 2% T DU i 16 K s ik
PeRR Ok o, MIPRE N T I — ik M BGE SCR AR . 286 L B AL, FTRIS
Hehie: JPHMERL &1 1t L CBFUME R XUBE 3.

EE 2.4 9, 50T TP PMERLAFI CBF PMERL AN T R G0 F 3515 e Lk DA K it
FERR SO AN S EU P AT I, ol T PP SE R 3 mis BLK 6 m/s P FRE
Blo MEIFRRT LIS R I, 1 &R G 5t LURr B /NS, Bl i 3R A5 1 R AT R B B
(HERRFE L ARAR B OL R, CBFYMERL I M RE LLIPEIMERI N2, TibEE RS IGHRE
Bk, FuhumRE IR I R AT B BT AR S, CBRUMER R AT AT
BEBWALE K. [FE, ErT LRI, U PR RN, P& R 285
SR AN, CBFUMMERBLR AT AT R EL B K. IR A 82 45 R 5 - 2.3 BRI 4518 —
e, BPIPPMERE R L CBFHMERL R (1) & P T 5

=P 2.5 i FRIPFICBFME R AR X T H P A B X — = M) a7, &
5 2% 8 T RGO A5 M LLAE-5 ABANS dBRE RIS T T RO AT AT 4R . B A F AT AT
PURI, 4 7 B AR /N DX 2 0l (9 0 5 /N T P B0 AR AR /N X b R PR B I, TP MRS
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50

45

JP

v=3 m/s

CBF &5 .

351

JP i

v=6 m/s CBF E‘;ﬁ

30

g b (dB)

A

=

251

20+

15+

10+

| |
5 10 15 20 25 30
Bt g % B (bit)

Kl 2.4 JPFICBFUMERI I ATATIN, R4S %: Ds=1.2Dy,D, = Dy,n=12,M = N, =3,

2
1.9}
CBF #5 3{, JP
1.8}
1.7}
SNR=-5dB
16 /
o
Q 15+
(==X
o
SNR=5dB
1.4}
130 \
1.2}
11l CBF #5 3{,
1 | | 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1
D /D,

2.5 JPFICBFUMERB M ATATIR, R4i2%: B =10, £,Typ = 0.06, f.Tcpr = 0.03,7 = 1.2,
M = N, = 3.
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A PTERERIL, RV FRIPPMERE SR AT A 5 5. A, HB SNR=-5 dB Al
SNR=5 dB PIFMEDL, AT AL 2 G2 (107 24905 1 LS TPANCBF PR A 3 ) s 45 7 2E B 32
M, RGUEME LGB E, CBFPMERR 2tk + i n] BETERCR .

2.5 AF/PGE

FEARE R, FATEZRI T 2SR R GR A R R BSTHLE I, A7 T AT 518
FEEMIRE . BTHEFER LA KB AR IR R DL T, PURR 2/ XA A% a5 5K
HITPAICBF BRI PERER I . IFEa Y 1 P RM B AR U SE B FH 32 5t m] LIS 21
EReX i inpr iz i Baw P e A i B s (N e G = PEANAVIN (EE A U R LD S
PADRIIE 2 98 RE 6 46 26 LU s A R AR S it o WF U4 SRR, SOt LEARr 0 1 K e %
B BOECBFUMER A R GRIUNERE, (B S A5 I A I 1) 2 6 CBF B A5 3
RN AL R . SR, A F IS A T A 30 5 o 1) B B 2 X PR AR
FRy Ik £ 7= Az B RO, 2 P B A /)N X 3 i R B AR T FH P S 408 /) [X 6 st B 125 /)N
I, CBEBIMERE sk #E mT RETE T K

2.6 [
2.6.1 SIF 1 FIUEH

EIFBEHLAS B 2o ~ X2, B 22 pag, FHR B HIREZE 50 A R KON

Fx(z)=1—¢#. (2.26)

E Xy = iy + poys FHHyr ~ X3 Y2 ~ X5, WKIESCER[21], W LA By
L RN

—_

3

frlv) = 30 [AD Ty + APy (227)
=0
Hrp
© _ ED™(up)™ T (2(m—1) = i)
Ai - <U2 _ Ml)melfi Zl(m —1— Z)'(m _ 1)| (2.28)
AZ(Q) _ (=)™ (pyp)™ " (2(m — 1) —i)! .20

(1 — p2)?m=1=0 gl(m —1—149)!(m — 1)
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BoE Z/NXPMEEE RGERE T R E N AL

Ty TR N BEE O A bR AU

Fy(z) =Pr (%y < z)

/ Foly ( / o fx(fff)d95> dy

| B ) ety

(2.30)
=l—en Z/Oo (A at m> ip AP (ZJF”I?)yy") dy (2.31)
0
m—1 2 —i—1
=1 —en Y >t Al (z + ﬁ) ] (2.32)
i=0 j=1 Hj
Hoor 250 23D 8% 2.26) 1 2.27) 1L N (2.30) H 5 F
T

o I Ja — A5 UK
nemHrdy = plpm T PR, FESIEE 1 RO SR R R ESEN T
R(M,/Ll,ﬂg,m)
—F [log, (1+ 2)]

:1 /001_FZ(Z>dZ
In2 J,

2.33
1+ 2 ( )

2 00 i
Sttt | AY) / ¢ —dz (2.34)
O e+ 1) (24 2)
1 m—1 2

NS |
— it | A9 (-,ﬁ,iﬂﬂ (2.35)
02920 =1 L Kty

ﬁﬂln(z 33) l_u\% MREL (2.34) B T (2.32) PR BIRUBEER AR A SR e

I(a,b,n) = /0 EES\EETD dz.

®

(2.36)
HERAN (2.36) HHIR WAL TR 20145 H 7, HRX BIRA TR 4 H— AN
I, IS A A

1 _(b o 1>—n n (b _ 1>—n+k:—1
CES) R s i Piay v (2.37)
A3
(1 _ -n e o - _ —n+k—1 e
I(a,b,n) =(b—1) /0 P ’;(b 1) /0 —<Z+b)kdz (2.38)
=(b—1)""e"T(0,a) — ™Y "(b— 1) "™ aF D (—k + 1, ab) (2.39)
k=1
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Horhggs (2.38) @I (2.37) RN (2.36) H13E45, (2.39) HRAESCHR[22143 3,
FT (2.39) NI, -, ) g AR, FRATAT LIS EIFE (2.35) HE IR R
ﬁR(M?MhM% )E/J% ﬁjj

R(M7u17u27 )
m—1 2

" In2 Z Z MHZ'A

=0 j=1
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FZE ZFREDPHIMEBEFHNEERERIREA

3.1 315

B, BATWHIE 7R T 2 REEARN Z /N IMEIBEEOR, Bk A LUdE 2 A
N DXIE S TR]R O, B vt AR 4R/ X P T3, AT R iRy A
. FE b, WRORNXILGH T ERE M AR, T8 A i A S R S A R R
TR SR WA 2 R0, 2R AR /N X NS AL E SN T gk, X SRl R A A
ST S RO GTAG R T, RG] PRI B RS T R I, A gkt ) 5
NANBE 22 g B v v L I % R 3 FE /N DX T 00 0 i i, [ B 3 A0 4 B FH A B
Hevh 7 B A VA AR ORI 2 A DX, G 9R A s SR P A SR, RN X
MR R . STHR2OVME BRI A FEXT P 4k R G IR E A EHEAT 1 AR B 7
SCRRL2 718 KA B v JE R rh 4R il () T AR AR TH R GE A B o AR B S 55 AR A
SRAFHARR) AT B BB RDEL  SCHRI7I0 012 8IBE AT T 2R AT BR AR S BRI
ARGRIMERERIL, TCIMARERRE, SCRR281EEH 7 — P DL B 45 F b 2tk g i 5
&, I HVEg M 7z 5 RN T IR IR OB 4k RS R IE A
FESCHR[28] 7, ZEubi AT ks %A 2R R, (HERAHP RIa— iR
» XU A RN U B B A R R, BRI E 2 T R GRS R
BRI, TS, BAH R SCHR[2 8] LR AT A IR ERe B L T~ B
REPMTHE B2 REH P W75 . £ #HEET, RIER A R R R AL
AN, BCAT B R 200 2 B AR KRR IITE L, SCHRLT 1AL 4]3CR 70 551 % 38 25 R
FIE AP F AL T 65 0 1 REREAT VIR A BIBETT, AT M IRAT 7t i 2k R G P iR
REM 2 REIFHIAA . £ ZREMMBE ARG T, N THBFHHTZ R
2t SR ) 2 18] B H R R G gkt AR g ANFL R P AR 5 L PR30, RS gk
S REAT O AL TR B BT o B A AL TG A BETE 0 — A BN R0, HEN AR
PP T PO, e F A IR R A T IR . IR NS RS 1 R R 8 2
H O Z MR, BEIX 2 AR R 2 [ C 2 E AR R & R cE e =2 T3,
XA 2 05 e T 7 ik AR BBAE T RERE ORAIE B 22 1023 18] B H P2 A T SRBEAT (5 5 D) 2 3
5, AR HIREEAT TR -

ARG LHWT: 2832 WA 7 2 REHHRPMFIRME RGBT, 2533
TR E/NTHES P R B S AR, 5 3.4 1M 1 AT BR LS S LA

e
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&, AR EMEEE R T EER IR R, Al Ttk R AR, JF
BT 2 ETER B RGN 7 34T 7 oo, MRIEIZVERESURIG A AT — A
TisE PR Va5 3.5 TIREARTEAT T /NG

32 ZREPHRUMEBESE KGR

K 3.1 ZRE&PROMEEE ARG

mE 3.1 R A2 RE&ED 4k EEAE R AL,  Frf 3 ol A rp gk ub 2y ) 37
HMMNMREL, AH P HANAR KRS H DL R NI 2 28 58 . 3 B3R ATx
KIEEFHEx € CVUBTIH— AL, WIE [xx] = Iy,, [FJMF 20 5 2]k 5 A H
FHREZR, XEFANESKIEZIHANERESEN TR RKRERE, 2k
P BIHEsREIR S5 . IXAE PRI R G 508

Vi = Vpip2HY WoGPx + /0. HY Won + 7y, (3.1)
HhG e CNoME IR I L B 4k b (1518, HY € CN-NRIRH P EE| 485k 145
&, WHEHAEmAEE, S 0REBENMALIE A RIMERNF T Z N K&
WL E. P e CMN W, € CNoxNegy i e F ul F rp 4k 5l K T b9 56 B, 2
o1 M po Y 51N D 1 5 2 5k ol T P 4 Sy () Dy 23 PR o (RIS Az, 2o 5 — AR B 2R 2550
PR e RS o X B RRATER B ARl (R R AN TR kb R 8, BIM > N, TR
WK = { (K > 2) LU G 7 10 i

3.2.1 BEEEIEREE TRLRIETg Y

S it R PP 4 vl T B R P DA S W o IR BB 5 i DAL BE T — AN BRI R ), 25
B IREIT IR TT 5, X BLERA IR AR SCHR[28] P 52t B S ML 2 M T A5 7 5%

18



W= ZRATNIMEIRLE I EIERS BB

SR R P B R . RIR TG TR, B EE G4

G=U[Z0][VVy¥ (3.2)

H AN PUEREG RN A FAE A A e R B AR R . X RE] DU 2 ARG TEE B
FEOL T, ks A A 2k ol X T 2 S FE P AW o 73 1) N«

P=V, W,=WwWU? (3.3)

HrhW e CNoNR 45 Huoxs fy A e M BEAT W THE, FEEEW R 28R D S RAEFEW,, €
CNONl RHEW), = 0, 5 # ky BIWRIESRIBHEREH, - Hyoy Hypy - He]THE%
] AT IR . AR AT DUR A e X A O &2, RISR A3 T R 2R iyl %
W TS 77 5, XA AR 08 TRAUE R ZIA K TP B, 2 2R e CRUEAS [7) FH 7 1)
HITF P B, AH XA TT AN RS T P e = 5 Tha, B EEAS H P AT RAP I
FORE AR ) 2 BRI, BRI ST IR, T R R A ]
DU Sfe it 1o T2 o) 8 02 15 5 DO 00 el 2, PHORGEAT [F) — JH 7 22 B 0 U ) ) IR
W, PS5 R i 55 .

DR R FRAT O 28 A0 1 e il T e ki v AR ANERAR 1) M ATEEAE R, DRI d s figm  ml
e FH P 1) B -0 58 A 9R3 A8 J sl 0 FH P ()T B RCNST B) A i, b 451> FH P G
A IEAE T RO

S lp log, I+ poHEW, W/H, + p1p2HY W, SIW/TH, |
2 T+ po HY W W [TH |

(3.4)

SEP L R th T2 A L BB M ], 5, € OV RATRES SR
% B S = diag{S,- - Sy, Sic}, diag{- - -}ERUH AN AR A 0% F 5
M, MRGER (3.3) FHERIBAILI, poflpy T LR F ST 51

Py P,

-t - 3.5
Nta P2 PlM—f—Nt ( )

Horb Py Py 43 550 22 7 35 3k A1 op 4 sk B T 2R A R A1

P1=

322 EAEERE R BTN L g i

TEA R LA SOl A, BB AR R, 2 A3k 38 o 6 2 ) ) s 1A K15
TBE R HEARA R ARG AT . X BRI SCHR R A B RIBENLA FE &4 7 vk =
i B H P REERE EH,, X4l g B s BEl A H

W, = WU” (3.6)
1X B RA B e e gkl v DA SESE A 11 30l B A gk a1 M ATEERE B G, RN E IR
L RIS LR, AEFEUDISR BRI . R B Figm g E FEW e 2 T5 i B AL R RS
BEH, RIS HOO A v 1R, 5B FEW S il W, I3RS
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AR SCHRL1 41 R BE AL 1A R B 7 R AR FE VIR — DS, IR
Ak 5 10 1) B BB BT ARV, SSORE 3  0 T R A

~

P=V. (3.7)

RARA A — e LIRSS, AT RN RS EE S IHES RS .

3.3.1 MMl E=E

WG SCHRL1 41, 18 2 FEVRI R — 5 18 By i) DL il e (1 &AL 17 &y DA AE
FEV I % 22 8] ST R0 A (0 55— [ S IR, 4 R s

v=v1—2v+VZs (3.8)

K Zzfon iRz, 25 BetaM-1,1) FEHLAE &P 0 5/ME, 2 SCRA IR 2Z 210
YIRE[Z] 2, YTTiRE))
M—-1 By

% M-T, (3.9)

e

WA LR ZE 10, X B2 B R T 51 B

BIFE 2 & XV, € CMXN: KV jg8k M oIAERES, BTV — [\71 S VA VK], Ty 4
(LARRES N, R GAARE V375 fE 0 F 6 Rt

K
E|VIV.VIV| = dia M= Ne ANy Iy,
> E|VAVVEV] = diag :

e M—1
J=Lj#k
N, — N, M — N, + N,
: Iy, (1 —— L e ) Iy, b 3.10
’<M—f>M« M—1€>M’} (3.10)
8 kAMEPE S

WERH: JLF% 3.6.1.

332 FENUAEFEELL

(R SCHRREL 1], AR T, (bR 1 A2 HE L, T LUK 53 AL HE B, € CNoN R

T3] L) 5 —NERES, € CNON IR, RIVET 1A 51 H TR .

ISP AR 5 AT PR B LR R L R ALV, (B SEBR M EATE I B RIE . 35t T B
AR L TR/ MR B AL, SSCRE O REARAEK T/ 1 90 60 TSm0 2 R R — 8. RIS ANy 1
PR T AR AR, B BB URE R LT VA ROV B BV 0y TS BT 2 U AR HOTE 95 KRB %,
HRREM VIV = 1o BT B HATR B SR L RO SR IR VIR 51, IR E GBI
RS R, T VRS AT I A BT R
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SIH 3 U/ (ZIl bR HEIE RS H Hy, LUK E B E LA ]y, #0540 K&
H, = H, X, Y} + S1Zx (3.11)

Hrr X, € CNoxNe J&—ANE gy, N, LT[R 70 A5 9 B HERE, o g v a8 M 225 5]
B i H R S N Y725 [ 5o Zy, € CNNe F1Y € CNNe B ST e 4 IE 5L
W E=mERE, HilEX R YY), =1y, — ZZy.
333 —AHREAZER

XA —ADNEENEEAEN, ARHKNERE TSRS
5|3 4 XfTAEENFIEEHIE A, B LLEIEEHFE Ay, FIHFIHE FEA 207
|Ag + A + B| |Ay + B

log, - a S loga (3.12)
E: BT ARFIEERE, (A +Ay) = A, FRATAT LG
(A" = (A4 Ay (3.13)
BT
(BY/*)" A'BY2 = (BY*)" (A + Ay) "' B (3.14)

FAR B2 T BB — PO AR, IR R IE 2 [, B (BY?)" = BY2,
=S SRR CEIR

I+ A'B| =|I+B'?A"'B'?| (3.15)
> |1+ BY? (A + Ay) ' B2 (3.16)
=TI+ (A + Ay 'B] 3.17)

Horh 2550 (3.15) 2 B AR R AN R AH R S5 AF I AE FEA L FIA,, #OH 2L+ AA,| =
T+ AsA |, FIRZER (3.16) FSCHERBOIHER 7.7.4 45,

3.4 A RGER DM KA E BT

H AT T EEEEEL, MBI EAREEREW T REHITERE, 5 RS
[ R Tk A% R AT T ERARME TE (S S 0L e MPERE IR RN . I, AR
T PERESTUR I B A, R e b ST E — ks S it PRy BBy AN B, BE A R DR 1
BRI AAL I S, ARIE B TR TEME B B B E R SR AL T — AR AR 2 1vE
e
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3.4.1 PERERIR LSRN

FEA R EEARE SO, v 0k safi A2 st P T B R R 20 il B 3K (3.6) A (3.7) 4t
HY TSR L B AT A i R -

‘I + o HEWWHH,, + py psHY WEVHVVHVEHWHHk‘

1
Rovant = QE log,

I+ pHIWWHH, + pipp 3 HIWEVHV VIVEHWHH,
J#k

(3.18)

SEBL 1 25 A 28 ly B v 149 (5 T8 AIHI 7 2 o0 48 3k (145 38 S 658 720 791K FH By A1 By 1> LRIV S
REANHI B RTIA (% $ 3 5 [ 353 2K 5 i) AR € 9 -

AR = Rcsir — Rouant (3.19)
N, __B1 _By
< - log, (1 + Tp1pe2” -1 + Apo(1 4+ py M )27 T ) +0o(1) (3.20)
Hr
T =N,(N, — N,) (3.21)
A= Nt H RN (3.22)
T‘ i=1 Nr . .

EH]: ESHEK 3.6.2.

ERE 1 R TR AARZE T E R G fe 45 2k Bl & P9 2 10t LLARE S B, AN By 1 38 K
MR/, Rl 2 24y M po (3G KGN X — RSB WA S, KO &b
BT RF BT, REMETHEEGESG BSOS XA Rk . (HETE
S EE RO 2 R LR, Bl R R 4kl R S S TR s 5E, P R 2R
SN, AR S TE R R AR OTHR AT AR H T P2 IR EE . RATFER] 3.2 Hoxt
EHE 1 g e EREAT TR REE, PSR ERN: M =8 N, =4, N, =2,
T B E R IR B 2 55 /N lo(1) 3 728 .

342 f5E(ERRBUTIER T

%341 WELfl, A RERBHLE] T o k4% fay 22 S PE eSOk BE AR P 2 B 15
EUIRF 3R 1 KT /0 () IS I 2 2 st 6 v 48 3t O D 3 XD 0 KTy 384 0 o 3l = A 3AT
A CAAE RS T AN WG N K D0 15 18 T e 9k sl ) 52 3l A K P 81 w4kl (1 79 20 s 5
wﬁﬁ PARIE R G IPERER R AL T — DA R E MVE I N o IXFE, ZRETPH RS
RAEER T —PERERiR, ABRAES TE 0 A 2 IR RS =W B HERREE
M, BRI RGHENIRTT.
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—O— I PR R R B A R

3.2 MRSV EIE MR S B, TRSH: M =8, N, =4,N, =2, K = * =2,
P1 - P2 — 20 dB

B 2 N TR EIERE MR GERZE PR R G TG E S B0 K E R DR
HLE 3 logy b HITEHE Y, FE 3k 2 s 20 0l 18 ] 5% ELAF 0 By AU 2 o 28 3l S J 45 EL 47 44
By RECA R K7 2 AL BT A -

M-1 2T

N,
B = Py(dB) — (M — 1) log, (M + —t) + (M —1)logy, ——————  (323)
3 Py N, <bm - 1)
N,(N; — N, 24
By = NN =N p gy NN, — N log, (3.24)

3

Hep T fil A 535l (3.21) Fil (3.22) H5E X

EB: W 3.63. 2 RUN TR B RGN T BAEEIE S B G O RE 157
SRV — NPT S IO TE TR P, v 4kl 21 35 0 B B 1) e 45t LU AR B By 7 2 i 2 35 il 1 v
Ao R TR Py R P (RGN, 52 FH 7 28 rp 4 sl B 0% 10 S 15 L ARp B (X 75 B
A RS D2 Py 3G N T AR R 3G K o [RIBF, FRATTIE AT DAV B BN TE i 5 R LU I L T
S0l (1 56 D126 P B ST LU RS B 5 i AT o 4R ol (R R TR PR, i PG ELAE
3 (3.25) oI o> B o AL, FATAT UK BELE B 2 f& SCHR[28] e B 3 R
L RGO T, I BAEB Mk Rk, B #1221 R ok M) g
AR B RN T SRR RIS R 2R, BE T ot £ 4k 05 2 gAY 7 2 H T
B FP R BRI 58 o AT A TG 65 77 5 7 225/ 1 S it ELARF A
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zﬂ:Af_lgmBy_wm—mb&<M4fﬁ>+UW—1ﬂ%y——————- (3.25)
; G W ()

N,(N, = N,) 24

By = =2t = b (dB) + N, (N, — N,)logy — (3.26)
Ng@ﬁi—1>

3

343 FE T

18

S S B 3
16| —— B, Al B, ¥ E # 2 424k I

—— [H]5E LE45 % B, =B,=10 LL&F

Yl —o— Ml M BB L [

12—

Z (bps/Hz)

/J\:f:“ 2 bps/Hz |

10— ——————-
=

=

]

b ___4-

RG AL

0 5 10 15 20 25 30
ARG T 21{5 ¥ L /dB (P,=P,)

3.3 A RS EIC AR S BUE RS L, (TS S M =4,N, =4,N, =2, K = {+ =2

H B 2 58 1R ot LU ARE BB AN By PT A PSR, 0 HL 2 7 R il AR v 4k 3l 114 R i T
AR KIS, 7 B (508 24 P AT B A DA A2 . LA SRATTR FH BE AL A A
(1) — e S5 115 B KA B LA S 1 S bR st i A2, 3X — s ] BAZ 5 S0k [12]
ASCHR [11] .

A1 AITEE 3.3 MK 3.4 et TEEAFRRGHLS T RAEMHEREIN, Hh RS
BN RGN, =4, GBI HIREHN, =2, AFHK =2, 7EE 3.3 ki
B RAREM = 4, 7EE 34 T ARG REHM = 6. Hrb, FRATEE IERES 2k BAE J92
bps/Hz, BITE (3.25) Ak (3.26) HikEDb = 2, HTAIGA H IR R M REBRES &
TR PR 78 23 2% A, TR 244 P 20 B 5 LU RS B Ak 4 s 3 2 AR A, S st b 4k R eI 1k
BEA1R /N T2 bps/Hzoe MEIHGETT LLRIL, M RIGHCAFEO/NEIRERT, RatEaels s
FE R B MR LI DL R P2 AR Wi, B G Iy B o 0 4k i 008 IR S D28, Rt
RSN, XS EE X T ARG E S B SO T M RE R AR A AT
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0 5 10 15 20 25 30
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3.5 AFPG

FEARTF, FATWTT T A R R R B T 2 RE&Eh 485 Ao ifehmitae, Hh

vl hARSEAH ARG ZIRREK . AR ESLHES i TEIES B EA BT U
AGVEREBIR R B, Ak S THES 0 R AR AR, ok 7 RS A B AR

F

A R EURE SR IG o 12 SRS BE 8 CRUEARDY TR IER B M S, EAEEEER
SGITERESIRAL T — N IRERIVEE N . 5, ARFEL I T BUE 7 45 R PSS IE T HE
b S HER A TR ) B A SR B A R

3.6 Mz
3.6.1 5IH 2 [FHERA
T FRATT E SR
. (N M~ N, N,
E [VHVkaHV] - dmg{M _611Nr, . (1 - = e) In., M—_EllN,,, - } (3.27)
5 KA RS

o i #jr WICHRSI3IH 2 MIEWIAT MR, E VAV, VEV] =0,

]

o i=j#k, BISHVIIVHEE—AF] R LASH]:
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E[VIVVEV] —E VIV ViV,

1,0

- N o
> E [‘vgvkp} ]
p=1

_ (3.28)
N, 0o 2
> E “Vz’NTVkP’ }
L p=1 i
T = # ko BARICHRDS), @FIE ||V ] = 5 T,
H<r <rH _ Ne
E [V A V} Tt (3.29)
o i=j =k, BIWSHVIIV, KT R
E|[VAVViV]
—E VIV, V[V,]
B [[vsval] + 3B [iwival
R N 2 N N
E [\vﬁvrvim } + > E[ N, }
L p=1,p#Nr i
(3.30)
R ICRRS), TR | [V ) = 1 — eMIE [|viiv,|*] = 5=, B
HX7 XrH _ (N —1)e
]E[V V’“V‘fvh,k_ ( L —i—l—e)INT
M — N,
- (1 T e) Iy, (3.31)

gi bRk, W LAR R

€ M — N, N,e
INr? 7< M—1 E) INMM_lINM } (33 )

E [VHVkaHV] - dz’ag{ N
5 1A B

M-1

J/
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W T3 & IUEAT 20, JRATA] LAtk — 845 2
(-,

K
> E VIV, VIV = diag e
J=Lj#k
N; - N, M — N, + N,
3 IR

51 2 fHIE .

3.6.2 EH 1 HIEH
F20 (3.4) F1 (3.18) AU (3.19), &t b gabE, wlLIE R

I+ pHIWWH H,, + p1pp > HIWSVHV, VIVESHIWIH,
#k
T+ po HY W W [TH |

1
AR :§E log,

~~

ARy
1+ poHEW WEHH,, + p1p.HI W, Z2W/TH,|
I+ p HIWWHH, + pip,HY WEVHVVHVEHWHHk‘

1
+ §E log,

ARs
(3.34)

N AR AR KIFE, I d BRI 2 B 1 K458 .

3.6.2.1 AR FIsZm 5 Hr

I+ Y HYW,WIH, + p1p, Y HIWEVIV,VIVEIWIH, “

(a)
2AR, <E [log,
j#k J#k

b - N A -
YE |log, 1+ <p2 S HIW,WIH,
L j#k
+oip2 Y HIWEVHV, VY VZHVVHf{k> Ay
ik
L+ poNe Y B | W, WIH,
7k

(¢)
<log,

|

H/WX) VIV, VIVSIWH,
ik

+p1p2 N En e
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Ho BB (o) KIET 51 4 UL EHIW, WIH, FTHIW, WIH, &M FERER A6, X
R TW, MW, &30 [F 1545 I AL FH. S5 0) RiETHH = HAH? X
FH, FEHHI 2 A R AE IR SE, Ay LHHE (N, ASEHE R R AR 5t e 210
AR, FR SR 0) R TR+ AjAy| = [T+ AA | RELA, FIA, 2 5 FE
FHII 55 A IS5 — 2 ()& T log, |- [MMTERIH 7 AFRAEAULERE [A] = Ny,
[11]
fRHE1 1A @5), 1SR
D(K—-1). D

I=—1I (3.36)

T H X x7H 17 _
> Ba [HIW,WIHL] = 01 -

itk
H D ZosH RN IRE, & XON:

1>2

. 2 =Y
D=E |:I(IQléICld (Hk,Q)} <D (3.37)

Hh IR BAIYA, DESCHRODERE 4 thggty, W DO AURn T &k 5

AN,
27T .
N, (3.38)

o
o

D =~

HrhT fAfER (3.21) 1 (3.22) H5E Lo
T EkE RN (3.35) 5 T, A LIS

Euc |HfWSY VIV, vl VEHWHﬁk]
7k
By |HWE [52] 3 g [VAV, VIV WHHk]
ik

(©) M(N; = N )€ [ mxar xirHTS M — N;+ N, B
S ) WL W + M (1 = Te) ;E (FL W W,
¢ MTe DM  M(M— N, + N,)De
= - I 3.39

(Nt(M— NN N,V —1) ) (3.39)

b () KU TG AH LA L f E [VIV,VIV] RAIERE . &
1,j#k
B (e)ar LB RN G H 2 H IR (3.10) a%cﬂﬂ%E[EZ] = MIy 3%, BRI E A

fET 22 R R FHEEM GG AR A . R EI W, WIH, & —MERE
BEHLAE R, A Beta(N,, N, — N,)3f HE [ngkwlgfﬁ} = My U0, R
FH, MW, JSLFE M, XFRIE T 825 (3.36) NG BT (f) BEWS AL,

F4 43X (3.36) A1 (3.39) IR (3.35), I+ H22ME R IEE i M-Iy o i1
Sl

N, _Bi _By
AR, < 710g2 <1 + Tp1pa2” 1 + Apa(1+ p M)27 7 ) :
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3.6.2.2 AR, IR HT

’1 + o HEW, WHH, + ppoHHWEVHVkVHVEHWHHk)

‘1 + pHIWWHH, + ppoHHWEVHVVHVEHWHHk(

—1
g (1 + ppHIWWHH, + p, p,HY WEVHVVHVEHWHHk>

x (plngkH wevH <VkV,f v v ) VESHWHE,

—p2 Y HIW,WIH, - pipHIWE S (VH\?]-VJH V) EHWHHk> “
j#k i7k
(3.40)

i A . A . -1
<E |log, [T + (1 + pHIWWHH,, + plngkHWEVHVVHVEHWHHk>
X <p1 pHIWSVH <VkV,f VAV ) VHEHWHHk> H
i A - A B o
<E |log, |1+ (waz (VHVVHV) EHWHHk> (\/ZkaWYWHHk) H

(3.41)

Horb B BGa) oLt THEIW, WEHE FIHEW, WEH,, [ 5 645 47 I #5057
F o HIE(b)IEIT ZIE T (3.40) F GBI F & MBI 3/ . S50 (c) T3 7 4
u&z%ﬁﬂmz(wyg_wﬁﬂ,zAK%ﬁriﬁ[n@%@s¢%m,$@
R, REFEEMITEL: 7 = z;ﬁz, A G R B HTAE RV, RV,
(AE—FI3RAE I, bz fess ﬁ@a¢mx

MEARLER (3.41), RATES RIAR, BiE RSB, TN, 3053
Ul UL F Ak I RS DR Py, RIP TS5 SRR IR, AR, BEE RS DIZR P, AP, 178
KT K, R S B R I IR M B O R B B Ak 4R T
FGEH, HTERAMIER T, AT LAZIEAR, FIS, 3 EE LR ERo(1).

3.6.3 EH 2 [IEH

Kk (3.20) BHRIEX 5 log, VS, FERBBRICTT Nilo(1), FAFH]:

o A(l —I—le)Z_% _ b — 1
T Tp1p2

(3.42)
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X PRATRI b il it A 2 77 sORSK A X (3.42) -

1
1% — 1
o~ — 5T (3.43)
P1P2
A1+ p M 165 —1
At+pM), 2 1 | (3.44)
Tpy 2 Tpips

Sy RS (3.43) A1 (3.44) fHTT LRI (3.25) il (3.26) 44 i 14
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N 2
:||hBO”2E U\/l—ZthW—i—\/ZSHW‘ :|
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